The generation of spin-polarized currents is one of the key requirements for the realization of semiconducting spin electronic devices.
1 Spin-polarized currents can be generated by injecting carriers from a metallic ferromagnetic electrode or from a diluted magnetic semiconductor.
1 Alternatively, the Zeeman energy splitting in an external magnetic field can also be utilized to create spin-polarized carriers injected from a split-gate point contact.
2, 3 In order to obtain a sufficiently large Zeeman splitting, it is desirable to have access to materials with a large g factor, e.g., InAs-based semiconductors.
Two-dimensional electron gases ͑2DEGs͒ based on heterostructures with a Ga x In 1−x As conductive channel are very interesting for spin electronic applications. One important aspect regarding this material system is that the spin precession can be very well controlled by means of the Rashba effect. 4, 5 In addition, it was recently demonstrated that the electron g factor can be tuned by a gate electrode. 6 Because of the high mobilities achieved in these heterostructures, ballistic transport has been demonstrated, 7, 8 which is an important prerequisite regarding the creation of spin-polarized currents by means of the Zeeman splitting in split-gate point contacts.
In this letter, we present measurements of the Zeeman spin splitting of one-dimensional subbands in a Ga x In 1−x As/ InP split-gate point contact. The Zeeman energy splitting is determined spectroscopically by measuring the differential conductance as a function of the source-drain bias voltage V sd . [9] [10] [11] [12] This type of measurement has been employed previously to investigate the Zeeman effect on electrons or holes in AlGaAs/ GaAs point contacts. [13] [14] [15] In our study the Zeeman energy is directly extracted from the width of the lowest conductance plateau with respect to V sd . The value of the g factor determined from these experiments will be compared to values obtained by alternative approaches.
Our sample is based on a Ga x In 1−x As/ InP heterostructure grown by metal-organic vapor phase epitaxy. The layer system is depicted in Fig. 1 ͑inset͒. The 2DEG is located in the strained Ga 0.23 In 0.77 As layer. At a temperature of 0.5 K the sheet electron concentration n and mobility of the 2DEG are 5.38ϫ 10 11 cm −2 and 230 000 cm 2 / V s, respectively, resulting in an elastic mean free path l el of 3.1 m.
The split-gate point contact structures were fabricated by first defining the mesa structure using reactive ion etching ͑CH 4 /H 2 ͒. Subsequently, Ohmic contacts were prepared using a Ni/ AuGe/ Ni/ Au layer system. The gate electrodes of the split-gate point contacts were isolated from the GaInAs surface by a 120-nm-thick hydrogen silsesquioxane layer ͓see Fig. 1 ͑inset͔͒. Finally, the Cr/ Au split-gate electrodes were prepared by electron beam lithography and lift-off. The geometrical width of the split-gate opening was 160 nm. An electron beam micrograph of the gate electrodes is shown in Fig. 2͑b͒ .
The measurements were performed at a temperature of 0.5 K in a He-3 cryostat with the magnetic field oriented perpendicular to the plane of the 2DEG. The differential conductances G = dI / dV of the point contacts were determined by using an ac current of 20 nA with a superimposed dc current. The ac voltage drop was measured with a lock-in amplifier, while the source-drain voltage V sd resulting from the dc bias current was simultaneously measured using a voltmeter. The differential conductance G at V sd = 0 as a function of gate voltage V g at various magnetic fields B is shown in Fig.  1 . At small magnetic fields ͑B Ͻ 1 T͒ no clear quantized conductance is observed which can be attributed to a reduced mean free path due to lower electron concentration in the channel and enhanced scattering due to reduced carrier screening. For magnetic fields B ജ 1 T plateaus at G = e 2 / h and at 2e 2 / h are found. The first plateau can be attributed to transport via the lowest Zeeman-split subband, denoted by "1" in Fig. 4 ͑inset͒, while the following plateau originates from the transport through the lowest two subbands with opposite spin. The appearance of quantized conductance at finite magnetic fields can be attributed to the improved adiabatic transport 16 and to the increased level separation due to the Landau quantization. 17 In addition, at intermediate magnetic field ͑4-6 T͒ plateaus at 3e 2 / h and 4e 2 / h are found corresponding to the transport through three and four spinresolved one-dimensional channels ͓cf. Fig. 4 ͑inset͔͒.
In order to gain information on the energetic separation of the one-dimensional subbands, the differential conductance G was measured as a function of V sd and gate voltage. As illustrated in Fig. 4 ͑inset͒, by applying V sd the electrochemical potentials of the source ͑ s ͒ and drain ͑ d ͒ contacts are shifted symmetrically in opposite directions with respect to the potential of the point contact constriction. 18 As long as s and d are both in between the minima of two neighboring one-dimensional subbands a conductance plateau at Ne 2 / h is expected, corresponding to the total number N of occupied subbands at equilibrium. A deviation from the quantized value of G occurs if V sd is that large that s or d either cross the next higher or the next lower subband level. The subband energy spacing can be obtained directly by determining the maximum value of V sd where the conductance plateau disappears. 10 This corresponds to the situation, where s matches to the minimum of the next higher subband and d matches to the next lower one or vice versa. Figure 2͑c͒ shows the contour plot of G at B = 4 T together with the corresponding transconductance dG / dV g as a color scale plot. As can be seen in Fig. 2͑a͒ , clear conductance plateaus at G =2e 2 / h and e 2 / h are resolved close to zero source-drain voltage. If the magnitude of V sd is increased as a parameter, the widths of the conductance plateaus decrease. As explained above, the value of V sd at which the plateau vanishes completely is a measure for the subband energy separation. This is the case at 7.4 mV for the second plateau and at 1.0 mV for the first plateau ͓cf. Figs. 2͑c͒ and 2͑d͔͒. The energy value of 7.4 meV corresponds to the separation of the second and third spin-resolved subbands. This energy separation results from the combined effect of the geometrical constriction confinement and the Landau quantization after subtracting the Zeeman energy E z = g B B, with B the Bohr magneton. The sublevel separation of 1.0 meV for the first plateau directly corresponds to the Zeeman splitting energy E z .
By successively increasing the magnetic field, the Zeeman energy splitting increases. This can be seen in Figs. 3͑a͒  and 3͑b͒ , where E z = 1.3 and 2.0 meV were extracted at a magnetic fields set to 5 and 8 T, respectively. In Fig. 4 the   FIG. 3 . ͑Color online͒ ͑a͒ Contour plot of the differential conductance G at B = 5 T as a function of bias voltage V sd and gate voltage V g . The corresponding transconductance dG / dV g is shown as a color scale plot ͑same scale as used in Fig. 2 . ͑b͒ Corresponding plot for B =8 T. Zeeman energy splitting E z determined from the width of the last conductance plateau with respect to V sd is plotted as a function of B. Using the coincidence method, 19 a value of g = 4.0± 0.2 was determined for our heterostructure by performing Shubnikov-de Haas measurements on Hall bar samples at tilted magnetic fields. This value agrees well to reported g factors ranging from 3 to 4 for comparable Ga x In 1−x As/ InP heterostructures. [20] [21] [22] As a reference the Zeeman splitting E z for g = 4 is plotted in Fig. 4 . The values of E z extracted from our measurements correspond reasonably well to this curve. However, a closer look reveals that except for two values all data points of E z determined from the point contact measurements are above the curve corresponding to g = 4. This might be an indication for an enhanced Zeeman splitting in one-dimensional systems. 14, [23] [24] [25] In conclusion, the Zeeman energy splitting between onedimensional subbands in a Ga x In 1−x As/ InP split-gate point contact was determined by measuring the differential conductance as a function of V sd . Owing to the large g factor of approximately 4, Zeeman splitting between the subbands was resolved at fields as low as 1 T. At 8 T a Zeeman splitting as large as 2 meV has been observed. Owing to the large g factor, the spin splitting obtained in our structures is substantially larger than in split-gate point contacts based on conventional AlGaAs/ GaAs heterostructures.
14 Because of the pronounced Zeeman splitting, Ga 
